The electrical resistance of mats of single-wall carbon nanotubes (SWNTs) is measured as a function of mat temperature under various helium pressures, in vacuum and in atmospheric air. The objective of this paper is to study the thermal stability of SWNTs produced in a helium arc discharge in the experimental conditions close to natural conditions of SWNT growth in an arc, using a furnace instead of an arc discharge. For each tested condition, there is a temperature threshold at which the mat's resistance reaches its minimum. The threshold value depends on the helium pressure. An increase of the temperature above the temperature threshold leads to the destruction of SWNT bundles at a certain critical temperature. For instance, the critical temperature is about 1100 K in the case of helium background at a pressure of about 500 Torr. Based on experimental data on critical temperature it is suggested that SWNTs produced by an anodic arc discharge and collected in the web area outside the arc plasma most likely originate from the arc discharge peripheral region.
Introduction
The unique thermal, mechanical and electrical properties of single-wall nanotubes (SWNT) can be potentially useful for many applications ranging from nano-electronics to biology [1] [2] [3] [4] [5] . Most of these applications require knowledge of the thermal and electrical limitations of SWNTs. Thermal stability of SWNTs was studied in recent works [6] [7] [8] [9] [10] . Destruction of SWNTs under various treatments (laser [6] , electric current [7] , photoflash [8, 14] , heater [10] and microwave [9] ) was observed at some critical temperature (T cr ) and accompanied by morphology changes. The spread of T cr values reported in these works was quite substantial. For instance, it has been reported [11] that SWNTs with diameters of 0.4 nm were stable up to 730 K in vacuum, but underwent significant structural modifications with heating to higher temperatures, including a transition to an amorphouscarbon-like structure at about 870 K. A different situation was obtained for 1.36 nm diameter SWNTs, which remained stable in vacuum up to 1700 K [7] . Another study reported that, in air, the ignition of SWNTs with diameters ∼0.8-10 nm involved oxidization processes leading to their complete destruction at temperatures of about 1100 K [12, 13] . Lower ignition temperatures of about 750 and 660 K have also been reported elsewhere [6, 14] . In the case of inert gas environments (argon, helium) near atmospheric pressure, SWNT bundles were reported to not be damaged up to 1800 K [8, 10, 15] while a further increase of temperature led to the coalescence of SWNTs. The large discrepancy in the observed temperatures for SWNT destruction can be explained by the different diameters of nanotubes [13] . It has been argued [10] that smalldiameter SWNTs (∼0.4-0.8 nm) are more unstable thermally than their larger counterparts due to a stronger curvature effect and higher strain in the small nanotubes.
Electrical properties of SWNTs are also strongly dependent on their geometry through the curvature effect [1, 16] . In fact, a strong curvature effect in small-diameter SWNTs results in hybridization of σ and π orbitals, leading to a significant change of electrical properties. Another parameter strongly affecting electrical properties of nanotubes is the temperature. A 'V-shaped' dependence of the resistivity of SWNT samples on temperature with predominantly metallic nanotubes has been 0957-4484/10/095705+05$30.00 © 2010 IOP Publishing Ltd Printed in the UK Figure 1 . Schematic of the experimental device used for measurements and SEM images of SWNT mats before and after experiments.
observed [17, 18] . As the temperature increased to a certain temperature threshold T * , the resistance decreased. When the temperature increases above this threshold, the resistance increases [17, 18] . Such unusual behavior of the same material featuring both metallic and nonmetallic (semiconductor) dependences of the resistance on the temperature was explained by the presence of highly conducting regions (with a resistance that is metallic in nature and increases with temperature) as well as poorly conducting areas (with a resistance that is nonmetallic in nature and decreases with temperature) in the sample, which is analogous to the heterogeneous model of polymers. This eventually leads to the crossover at the temperature threshold when the transition from nonmetallic to metallic resistivity occurs.
It is generally accepted that an arc discharge is one of the most practical techniques among several methods for preparing carbon nanotubes [19] . The arc discharge technique has a number of advantages in comparison with other techniques [20] , such as fewer defects and a high flexibility [21] . Arc-grown nanotubes demonstrate a lowest emission capability degradation than those produced by other techniques [22] . The mechanism of the formation and growth of SWNTs in an arc discharge was studied elsewhere [23] [24] [25] . However, location of the region in the arc discharge in which SWNT synthesis occurs and the temperature range favorable for SWNT growth remains unclear. According to previous work [23] , the nanotube formation occurs on the periphery of an arc column at a moderate temperature range of 1200-1800 K. Other studies suggested that it is the cathode sheath adjacent to the hot arc column (∼5000 K) which is the arc region where the nanotube growth occurs [26] [27] [28] . Importantly, in this region (i.e. cathode sheath), the temperature might be well above the reported critical temperatures of the thermal stability of nanotubes. Thus the question about possible carbon nanotube growth in the cathode sheath region remains open. Moreover, there are also no consistent data on the thermal stability of SWNTs in the arc discharge, including the temperature ranges of SWNT synthesis and destruction. This is essentially because in situ studies of the synthesis of nanotubes in the harsh environments of arc discharges are not practical. It is the objective of this paper to study the thermal stability of SWNTs as produced in a helium arc discharge. Using a furnace instead of an arc discharge, we were able to create experimental conditions closely resembling the natural conditions of SWNT growth in an arc. The SWNT sample was analyzed at different helium pressures, as well as in vacuum and in air. In addition, in situ measurements of sample resistivity and thermogravimetric analysis (TGA) were carried out.
Experimental set-up and methodology
An analysis of the electrical properties of SWNTs at different temperatures was performed using SWNT mat samples that were synthesized in an arc discharge using a catalyst with a ratio of about C:Ni:Y = 56:4:1, in 500 Torr of helium and an arc current of about 55 A. More details on the set-up used to produce SWNTs can be found elsewhere [29] .
The electrical resistance as a function of sample temperature was measured using a two-terminal scheme. For this purpose the following device was designed: two stainless steel electrodes (with a total area of about 10 × 15 mm 2 and a distance between electrodes of 5 mm) were installed on the ceramic plate (76 × 23 × 4 mm 3 and made of high temperature alumina) and K-type thermocouples were attached to one of the electrodes. This set-up was inserted into the alumina ceramic tube (length = 50 mm, outside diameter = 29 mm, inside diameter = 22 mm) equipped with a heating Ni-Cr coil as shown in figure 1. The heating coil was driven by a DC source (U h = 27 V, power consumption of about 700 W). This configuration gives a fairly uniform temperature distribution inside the heater (variations were measured to be within 5-10%). The experiments were conducted in vacuum (no helium feeding, residual gas pressure < 1 Torr), in air at atmospheric conditions and in helium at various pressures (200, 300, 400, 500, 600 and 700 Torr).
A slightly pressed sample of soot having a size of about 100 mm 2 was mounted between the electrodes. A DC voltage of about 3 V was applied to the electrodes (U e ) and then the voltage was applied to the heating coil. The temporal evolution of the electrode current I e , was measured from the shunt resistor r (see figure 1) and temperature (T ) of the electrode was measured by a thermocouple. The sample resistance R was determined from U e /I e and the dependence of R on T was plotted.
The TGA measurements (Perkin Elmer, PYRIS 1TGA) were carried out at a heating rate 5
• K min −1 with He and N 2 as purging gases. The temporal evolution of the sample weight was recorded as a function of increasing temperature. A scanning electron microscope (Hitachi Field Emission, S4700) was used to evaluate the SWNT samples. Figure 2 shows a typical temporal evolution of the sample temperature during the experiments. It is seen that the sample temperature increases rapidly from room temperature to about 1100 K and then saturates at higher temperatures (due to radiation losses).
Experimental results
The sample resistance (R) normalized by its resistance at room temperature (R 0 ) as a function of temperature measured in air is presented in figure 3 . R 0 varied in the range 50-200 for different samples. It can be seen that a temperature increase from room temperature to some T = T min resulted in a decrease of R. Further heating (T > T min ) increased the sample's resistivity and finally, starting from some temperature T = T cr , a step-wise increase of R was observed. (Here T cr is defined as a vertical asymptote that is the line extended to the R = 0 axis from the point indicating the maximum value of resistance.) Note that for the conditions presented in figure 3 , T min and T cr were close: T min was about 620 K and T cr was about 640 K. The TGA measurements at atmospheric pressure in nitrogen and, for comparison, in helium are shown in figure 4 . One can see that the TGA data indicate that the sample destruction started at about 620 K in helium atmosphere and at about ∼655 K in nitrogen. This is comparable to the critical temperature obtained for SWNTs in air as shown in figure 3 . Typical dependences of normalized R versus T obtained in vacuum and in helium under pressures of about 200, 400 and 600 Torr are shown in figure 5 . Mats of SWNTs produced under the same conditions and taken from the same area in the chamber ('near cathode area') were tested showing about 4-10% deviations in measurements for T min and T cr . One can see that T cr in helium was generally significantly higher than T min (e.g. for p = 400 Torr T cr and T min were 1100 and 900 K). This result is in contrast to the results obtained in air when T min ≈ T cr (see figure 3) . Note that T cr was not achieved for an He pressure of 600 Torr due to instrumental limitations. In addition, both T cr and T min increased with pressure, but T cr increased faster than T min . These results are clearly seen in figure 6 , where the dependences of average values of T min and T cr and, in addition, T = T cr − T min on pressure are shown. The best linear fit was used to characterize the data. T min increased from 800 K in vacuum up to 900 K at about 500 Torr, while T cr increased from 900 K in vacuum up to 1100 K at about 500 Torr.
In summary, the R-T characteristics exhibit a similar 'V'-shaped behavior with minimum resistance under all conditions used in these experiments.
Initially, sample resistance decreases slowly with T increasing and approaches a minimum value. In the intermediate temperature range, resistance does not change or grows slowly, creating a plateau that extends up to 1000 K at 400 Torr. Resistance increases abruptly when temperature exceeds the critical temperature (T cr ). Such behavior of resistance indicates sample ignition followed by its destruction as shown in the inset in figure 3. 
Discussion
Let us first discuss the meaning of the two critical temperatures T min and T cr . TGA measurements in nitrogen atmosphere indicate that sample destruction starts at about 655 K (the TGA chamber is not completely sealed and still contains some amount of oxygen and, as such, the nitrogen atmosphere can be considered to be a good representative of the air conditions [30] ). This value coincides with T cr obtained in R-T measurements and, based on this evidence, we associate T cr with the temperature corresponding to the destruction of the SWNT sample. Experiments in vacuum and at the helium pressure demonstrated significantly higher T cr than that in air. This result can be, in principle, explained by oxidation processes in the sample exposed to the air. Recall again that the TGA apparatus is not sealed from the ambient air. Indeed, the SWNTs demonstrate significantly higher thermal stability in the absence of oxidation, as can be seen by comparing results presented in figures 4 and 5. Since T min is less than T cr , the minimum in the R-T characteristic is related to a transformation in electrical properties of the SWNT sample rather than sample destruction. Therefore, T min is likely associated with a crossover temperature T * observed previously in the ropes of SWNTs with tangled regions [18] caused by a superposition of metallic and nonmetallic behavior in sample components. Note that addressing the interesting result on an increase of T cr with He pressure can be the subject of a separate study.
The precise location of the region where nanotubes grow in the arc, i.e. arc discharge plasma bulk, the periphery of an arc column or the cathode sheath area, is still debated in the scientific community [23, [26] [27] [28] . According to our results the conditions of arc SWNT synthesis (500 Torr helium pressure) correspond to a T cr which is below 1100 K. Let us estimate the characteristic time needed for SWNTs, being heated by the plasma of the arc column, to reach this critical temperature. For the sake of this simplified analysis, the energy balance can be written as follows: C SWNT M SWNT T t = Q pl , where C SWNT and M SWNT are heat capacitance and mass of SWNTs and Q pl is the heat flux from the plasma to the SWNT surface (radiation from the SWNT surface is neglected). Assuming a Maxwellian energy distribution function for electrons, the heat flux from the plasma to individual SWNTs (nanotubes are at floating potential, i.e. | j e | = | j i |) can be estimated as
)A, where j i is the current density from the plasma to the SWNTs, A is the SWNT collecting area, M and m are the masses of the carbon atom and electron, respectively. Thus, one can obtain that the time required for SWNT destruction in an arc column is about 10 μs (for a plasma density of about 10 13 cm −3 , T e = 1 eV [24] , SWNT length and diameter of about 1 μm and 1 nm, respectively, C SWNT = 10 3 J kg
, 10 5 carbon atoms in a nanotube and T = 800 K) [1, 24] . Note that the above estimation gives an upper limit of destruction time since extreme values of plasma parameters were used (highest possible plasma density) and thus the destruction time in an arc column t dist < 10 μs. It is interesting to note that the estimated time is the same order of magnitude as pulse duration during nanotube synthesis in air [31] . Now let us compare this time with the time of SWNT flight through the arc plasma column ( t flight ). The lower estimate of t flight can be obtained using a high SWNT velocity of about 10 3 cm s −1 [23] and thus t flight > 1 ms for a typical size of plasma column of about 1 cm (visually observed in experiments). The comparison of these times yields t dist t flight , indicating that SWNTs generated anywhere inside the arc most likely would not be able to survive during their transport though the column. Based on this estimation, it can be suggested that SWNTs produced by an anodic arc discharge and collected in the web area outside the arc plasma most likely originate from the arc discharge peripheral region. This result is in agreement with previous studies [22, 25] that considered that region of formation of SWNTs is restricted by the range of 1200-1800 K. As a practical implication of these results, it might be preferable to employ an arc discharge configuration with expanded peripheral regions. This can be achieved by use of a smaller diameter electrode having higher ablation rates [32] .
Conclusions
The dependence of the electrical resistance of mats of singlewall carbon nanotubes on temperature under various pressures in helium, air and vacuum was measured. It was found that the resistive-temperature dependence exhibits the same nonmonotonic behavior with minimum resistance (the so-called 'V'-shape' dependence) for all applied conditions. The helium pressure can strongly affect the temperature threshold at which resistance reaches the minimum and the critical temperature at which the destruction of SWNT bundles occurs. Based on experimental data for SWNT destruction, it is suggested that, in an anodic arc discharge, the origin of carbon nanotubes, which are collected in the web area outside the arc plasma, is from the relatively cold peripheral region of the arc column and not from the much hotter regions such as the core of the arc column or electrode and near-electrode regions.
